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INTRODUCTION 


During the past few years , an increasing recognition has developed of the j 

important benefits that ran be gained by utilizing high performance flywheel systems j 
in spacecraft. While the case for flywheels for spacecraft power and combined power/ j 
attitude control was fairly well established by the 1974 NASA/Rockwell Study (Refs. 

1-2), a more solid acceptance of it was inhibited by the then current state of 
technology, among other reasons. One of the key factors supporting the case for j 

flywheels was (and is) the composite rotor, with its potential for very high density 
and manageable containment. Although flywheel systems incorporating then available 
metallic rotors appeared to be competitive with electrochemical energy storage j 

systems for certain missions, a limited potential, certainly for long term perfor 
mance growth, and an unresolved containment issue undoubtedly dampened significant 
system development . 

) 

The situation has, however, changed for the better in recent years due to j 

important developments in composite rotor technology which have proceeded from the j 

mechanical energy storage technology (MEST) program sponsored by the U.S. Department j 

of Energy (DOE) and conducted by the Lawrence Livermore National Laboratory (LLNL) . | 

The primary objective of the program was to develop by 1984 an economical and prac- 1 
tical composite flywheel having an energy density of 88 Wh/kg at failure with an 
operational range of 44-55 Wh/kg and an energy storage capacity of approximately 
1 kWh. In addition, concerns regarding safety dictated the development of flywheel 
:ont3innent technology. 

Initially, the DOE/LLKL program sponsored the development of 10 different 
composite rotor designs. Considerable data regarding the dynamics, failure modes, 
and containment behavior of the prototypes were obtained from spin testing. Also, 
some of the program goals were approached and exceeded (Garrett multi-ring rotor, 
which attained an ultimate energy density of 79.4 Wh/kg and a stored energy of 
1.23 kWh). In addition, improved understanding of composite rotor design, structural 
behavior, material responses, and fabrication processing was obtained from prolonged 
association with the variety of materials, constructions, and design features 
embodied in the prototype rotors. Spin testing permitted evaluation of the effective- 
ness of intricate design features to obtain high storage performance (for example, 
rotors developed by the Garrett and Brobeck organizations). Tests also revealed 
surprisingly high performance in exceedingly simple design such as the constant 
thickness laminated disk. 

Since it was not possible to continue the development of all the rotor designs, 
an evaluation/ select ion process was conducted to identify the most promising concepts 
for further development and testing. The designs selected were the Garrett multi-ring 
rim type rotor and the General Electric ring/disk hybrid rotor. Ten prototypes of each 
of these designs were fabricated and several were spin tested for ultimate and cyclic 
endurance in a laboratory environment. An AVCO design was also developed further- 


In addition to the rotor developments, two parallel studies were initially per 
formed to provide a design basis for composite rotor containment (Refs. 3-4) * 

These studies included an assessment of available containment technology for metallic 
Ind ,• 'osU. rotors , examination of composite rotor burst test data, and definition 
of containment housing design concepts. The methodology and design concept produced 
ll General Electric was subsequently selected for further development. Experimental 
containment housing:. f« the Garrett and General Electric flywheels were fabricated 
and one containment test involving a complete burst of a General Electric rotor was 
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performed. This test was the first of its kind (i.e., a high performance burst witta- 
; i n a housing of pracitcal proportions) and revealed important realities of composite 
| rotor containment processes. 


’! This paper describes recent developments of the General Electric hybrid rotor 

j design and discusses its relation to flywheel designs that are especially suitable 
» for spacecraft applications- It also projects potential performance gains that can 
... -‘J be achieved in such rotor designs by applying latest developments in materials, 

N processing, and design methodology. Indications are that substantial improvements 
i can be obtained, 
i 

Merit indices of composite flywheel performance include the following: 


> 

i 


I 


Weight Energy - Density, Ey, 
Volume Energy - Density, E^, 


Stored Energy 
Total Rotor Weight 
Stored Energy 
Rotor Swept Volume 


Cost Energy - Density, E c , 


Stored Energy 
Rotor Cost 


These indices may be related to an ultimate storage capacity based on short— 
term failure and an operational capacity based on cyclic life. S imil a r indices may, 
of course, also be defined on a system level by referring to the weight, enclosed 
volume, and cost of the entire energy storage system. 

Another set of indices considers only the rotors and containment housing and 
is of particular value in desig ning an optimum flywheel system. This is because the 
various rotor designs under consideration may have widely different containment 
requirements. A high performance rotor design might, for instance, have a h i g h ly 
destructive failure mode, thereby requiring relatively heavy con tainm e n t. Because 
of this, its combined rotor and containment energy density migh t be lower than that 
of a lower performance rotor which has a relatively benign mode of f ailur e. 

In contrast to metallic (isotropic) flywheels, whose weight energy-density can 
be exprssed as 

where k is the shape factor, o the ultimate or operational strength, and p the mass 
density, the definition of a performance index is more complex for composite rotors. 
Such materials have distinctive and complex behaviors because of anisotro py and 
heterogeneity. The orthotxopy in elastic moduli can introduce a strong coupling 
between geometry and material properties, the thin ring perhaps being an exception. 
Also, fiber composites have low strengths corresponding to failure modes that are 
controlled by matrix properties, and time-dependent properties can differ significantly 
from the static values usually quoted. 


What is generally required for composite rotor designs is an accurate stress 
analysis of its component members and the identification of li m i ting failure 
- (Each failure mode can be expressed in terms of a corresponding rotor peripheral speed. 



\ * 




Hence a set of limitng speeds 'ian be defined for a given design, and from the low- 
est of these, minimum performance indications for the appropriate use conditions are 
determined . 

DESIGN FEATURES OF THE HYBRID ROTOR 


x 






The hybrid rotor shown in Figure 1 is basically a solid, constant thickness j 

disk configuration that consists of three parts J a central laminated disk, a fila— ; 
ment-wound outer ring, and a small metallic hub that is attached to the disk. In 
the usual form of the design, the laminate is a quasi-isotropic layup of unidirec- 
tional plies of glass/epoxy prepreg material cured in a press. The fiber volume 
and void content have typically been 50 to 55 percent and 2 percent, respectively. 

The ring is usually constructed of high-strength type graphite/ epoxy material with \ 
a fiber volume and void content of 60 percent and 1 to 25 percent, respectively. j 

The ring is fitted to the disk by means of a simple interference fit. Radial j 

interferences of .001 to .002 in. /in. of outside ring radius have been employed, j 

vith values in the lower range in more recent designs. The interference fit is 
accomplished by cooling the disk and ring. In the cooling process the disk diameter » 
contracts while the graphite/epoxy ring remains dimensionally inert, thereby permit- 
ting the ring to be slipped over the disk. When the interference fit is in the vi- 
cinity of .002 in. /in. mechanical pressing is required in addition to thermal action^. 

Stresses in the hybrid rotor are governed by the elastic properties of the disk » 
and ring, the interference fit value, and the parameter 6 which is the ratio of the j 
inner and outer radii of the ring. In previous prototype rotors, 6 values have 
ranged from about .73 to .82. ' 

The ring serves the following functions: (1) it operates at high energy density, ; 

(2) the ring/disk interface pressure acts to reduce the disk tensile stresses - 

slightly and also to reduce radial tensile stresses in the ring; (3) it prevents 
fraying and other edge effect problems of the disk, (4) it greatly improves the 
fatigue and creep performance of the disk because of the excellent fatigue and creep 
properties of graphite/epoxy and (5) it can alter the flywheel failure mode from 
disk rupture to a less severe ring burst mode. r 

A small aluminum hub/quill adapter is bonded elastomerically to the disk. The 
bond accommodates the large differential radial growth that occurs between the disk 
and hub adapter during rotation. It also provides damping, but this Is probably a 
disadvantage because internal damping is known to have an adverse effect on dynamic 
stability. 


In 1982, 14 hybrid rotors were produced by General Electric for LLNL for ultimat: 
speed and cyclic endurance spin testing. Except for certain details the rotors were , 
nominally identical in size and design energy storage capacity. Their properties are 
shown in Table 1- The storage capacities were nominally .5 kWh (ultimate) and .25 : 

kWh at maximum operational speed. The deferences among these rotors were due to j 

the resin used for the matrix of the outer ring. The basic design (Type A) employed 
Epon 826 epoxy which had been used in previous hybrid rotors. Ten Type A rotors t 

were produced. Types B and C used a high temperature epoxy (Cxba-Geigy CT-179) and 
a flexible polyurethane respectively. Two each of Types B and C were produced. I 
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Table 1. Properties of General Electric 
Hybrid and Simple-Disk Flywheels 


Parameter 

Hybrid 

Simple Disk 

Rotor OD, in. 

16.00 

15.86 

Ring IE, in . 

12.80 

- 

Ring Thickness, in. 

1.74 

- 

Disk Thickness, in. 

1.67 

1.70 

Rotor Weight, lb. 

22.33 

23.44 

Rotor Weight, less Hub, lb. 

21.22 

22.33 

2 

Polar Moment of Inertia, lb-in. -sec 

1.69 

1.82 

Swept Volume, ft^ 

.202 

.194 


Also, simple laminated disk rotors were produced (Table 1), mainly to obtain basic 
spin test data about failure stress levels and failure modes of the laminate. The 
rings and laminates were fabricated by the Lord Corp. and 3M Co., respectively. 

PERFORMANCE TESTS 

Two ultimate speed tests and one cyclic spin test were performed on hybrid 
rotors (Nos. H8/GE-F and H6/GE-J) and one ultimate speed and one cyclic test was 
conducted on a simple laminated disk, rotor (D2/GE— D) . The test conditions and 
performances are listed in Table 2. Rotors H8 and 1)2 were the only units that were 
subjected to the cyclic testing and both rotors successfully endured the required 
10,000 spin cycles. Each cycle consisted of spinning between energy levels of 217 
and 54.2 Wh over a 6.5 minute period for the hybrid rotor and between 190 and 47.4 
Wh over an 8.0 minute period for the simple disk rotor. After completion of the 
cyclic tests, these same rotors were tested for ultimate burst capacity. Rotor H8 
/»urst at an energy level of 65o Wh and energy density of 68.0 Wh/kg- The peripheral 
s?eed at failure was 1,010 m/sec, believed to be the highest value ever attained in 
a flywheel. Rotor 02 burst at an energy level of 529 Wh and energy density of 52.1 
Wh/kg. The basis for computing the energy level and energy density is as defined 
in Ref. 4. 

The only other hybrid rotor that was brought to its ultimate speed was rotor 
H6 which burst at an energy level of 648 wh and energy density of 67.0 Wh/kg. This 
result was most interesting for several reasons, first because rotor H6 had not been 
previously tested yet its burst performance very nearly duplicated that of rotor 
H8 which had been cycled 10,000 times. Also, the failure mode of both rotors was 
the same (i.e., circumferential burst of the outer ring). This set of data provides 
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Table 2. Cyclic and Ultimate Spin Test Results 
for General Electric Hybrid and Simple Disk Flywheels 



Rotor Number (Type) 

H8/GE-F 

(Hybrid) 

H6-GE-J 

(Hybrid) 

D2/GE-D 
(Simple Disk) 

Cyclic Test 




No . of Cycles 

10,000 

- 

10,000 

Cycle Duration, minutes 

6.5 

- 

8.0 

Speed: rpm, max. (min.) 

27,330(13,660) 

- 

24,600(12,300) 

m/s, max. (min.) 

583(292) 

- 

519(260) 

Energy, Wh, max. (min.) 

217(54.2) 

- 

190(47.4) 

Weight, lb^ 

21.27 

21.32 

22.38 

V Wh/kg 

22.5 

- 

18.7 

Ey, kWh/m 3 

37.9 

- 

34.6 

Ultimate Test 




Ult. Speed, rpm (m/s) 

47,058(1,010) 

46,602(992) 

40,638(867) 

Energy, Wh 

656 

648 

529 

E„ (2) , wh/kg 

68.0 

67.0 

52.1 

kWh./m 3 

115 

113 

94 


^ ' Not including 1*11 lb Hub Arbor - 

Based on Dimensions at Ultimate Speed. 


214 


U’ 
















the only existing indication of the effect of significant spin-cycling on the ulti- 
mate performance of a composite flywheel- At least for these two test points, the 
performance appears to be rather unaffected by the cycling imposed. 

Based on the high ultimate energy density exhibited in these tests the opera- 
tional level of a hybrid rotor of the design represented here would appear to be 
about 40 Wh/kg. The operational level Imposed in the cyclic test of rotor H8 
reflected the lower ultimate performance that had been expected, as well as a 
degree of caution in approaching this unprecedented test. More will be said later 
about the significance of these test results. 

Attempts to reach ult ima te burst conditions were made unsuccessfully with three 
other duplicate hybrid rotors. The tests, however, were significant because they 
manifested the ruggedness of the rotor construction, especially the graph ite/epoxy 
ring component, and contributed to a better understanding of the loose— rotor contain- 
ment process. In each case, the rotors separated from the drive shaft due to a 
whirl resonance condition that developed prior to attainment of a burst speed con- 
dition. The speeds at which separation occurred ranged between 35,820 and 40,910 
rpm or 769 and 878 m/sec. Subsequent to separation, the rotors spun within the 
containment ring, finally coming to rest within one minute. Except for some graphite/ 
epoxy which had been smoothly ground away during the spin— down process, the rotors 
were recovered in an intact condition. 

FAILURE MODES OF HYBRID ROTORS 


A plane stress analysis considering a quasi— isotropic disk and orthotropic outer 
Ting and a uniform interface pressure between the two is used to calculate the stresses 
and deformations of the hybrid rotor system. The analysis (Refs. 6-7) provides an ac- 
curate and convenient means of optimizing the design of hybrid rotors. This facility 
is due basically to the constructional simplicity and axial symmetry of the rotor. 

The result is that for given component materials, the rotor stresses, displacements, 
and interface pressure are expressable in terms of three design parameters, namely, 
the ring radius ratio, B * a/b, unit radial interference 6 * 6/b, and rotor peripheral 
speed, V- Here a and b are respectively the inside and outside radii of the ring and 
6 the radial interference. Hence the maximum allowable speeds can be determined with 
respect to each of the governing failure modes of the hybrid system for any set of 
values B and 6. These modes are as defined in Table 3, in which the starred quanti- 
ties are the m aylnTum allowable design stresses for ultimate or fatigue failure con- 
ditions. Symbols in the table are defined as follows: CRF, circumferential ring, 

P.RF, radial (transverse) ring, and DF, disk failure; S, ring/disk separation; B, 
bearing failure; o©R» circumferential ring, arR* radial ring, and disk center 
stress or strength; erg, bearing strength at ring/disk interface; and P, interface 
pressure. 

A composite plot of vs $ for the i failure modes clearly exhibits the allow- 

able operational regime for rotor systems having a given value of 6. The rotor 
energy /weight ratio E^ (energy density), expressable in terms of 6 and Vi, is more 
usually plotted instead of Vi. The author has referred to such a representation as 
a Ninrmer plot. Data for constructing Nimmer plots are obtained by means of a computer 
program which calculates the energy densities Eff for all failure modes and the inter- 
face pressure at rest, P Q , for a specified range of 8. It also calculates, if appli- 
cable, the value of 6 above which the interface pressure increases with increasing 
rotor* speed- In this particular 8 range, the ring will remain in contact with the 
disk even if the initial interference is zero. 
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Table 3. Definition of Governing 
Failure Modes of Hybrid Rotors 


Failure Mode 

Symbol 

Condition for V * 

Circumferential 
Ring Failure 

CRF 

°©R = °9R* 

Radial Ring 
Failure 

RRF 

a rR * °rR* 

Disk Failure 

DF 

a D = °D* 

Ring /Disk 
Separation 

S 

o 

ii 

Interface Bearing 
Failure 

B 

P “ °BR* ° r " °BD* 


A meaningful interpretation of a N limner plot requires careful consideration of 
ring/disk loading interactions in the light of uncertainties in governing material 
property values. These uncertainties are due to (1) limited available standard 
specimen data, (2) fabrication process dependency, (3) size effects, and (4) vari- 
ation of certain properties with load and time. 

A N inn er plot that was used for the initial design selection of the present 
hybrid rotors (Types A and B) is shown in Figure 2. It is based on moderately heavy 
interference fit of .002 in. /in. and the materials data of Table 4. The plot shows 
energy density (Wh/lb) versus radius ratio 6 for the various governing failure modes 
and serves to identify the optimum range of S. The present hybrid rotors were de- 
Hoci gnpH with B - .8; therefore, the limiting failure mode indicated is CRF for 
ultimate failure (solid curve) and either CRF or DF for the 10 cycle operational 
conditions (dashed curves) . In most cases the failure inodes for high 6 values (thin 
rings) is DF or CRF while for low $ values (thick rings) it is RRF or S (the latter 
for light interference fits) . 

ANALYSIS OF SPIN TEST DATA 

The design data of Table 4 were compiled from previous hybrid rotor develop- 
ments (Refs. 6, 7 and 8), available rotor spin test (Refs. 8-9), specimen test data 
(Refs. 6-8, 10-13), and laminate analysis (Ref. 15). As more spin test data became 
available for hybrid and simple laminated disk rotors, they were studied by me a ns 
of the rotor structural analysis to refine the assessment of material strength values. 
In doing this the older spin test data were reexamined to reduce all conclusions re- 
garding strength to a reasonably consistent basis. This study, described in Ref. 

16, led to several important conclusions. First, the elastic modulus of the laminated 
disk becomes degraded due to the development of distributed microcracks in the lami- 
nate resin as the stresses In the disk exceed threshold levels. In hybrid rotors, 
the principal effects of this are to reduce the stresses in the disk and increase the 
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Table 4. Properties of Prototype Rotor Materials: Disk 

(S-2 Glass/SP250 Epoxy); Ring (T-300 Graphite/Epon 826 Epoxy) 


Item 

Disk 

1 Ring 1 

V, 

msi 

V 

ksi 

V 3 
lb/ in. 

V D 

E 0R’ 

msi* 

E rR* 

msi* 

°0R’ 

ksi 

^rR’ 

ksi 

lb/in. 

V R 

Ultimate 

3.3 

60 

.066 

.3 

18.8 

1.40 

170 

2. 0-3. 5 

.0531 

.3 

10^ Cycles 

2.55 

25 

.066 

.3 

18.8 

1.40 

117 

1.2 

.0531 . 

.3 


*1 msi - 1,000,000 lb/in. 2 


circumferential stress (ctqr) and reduce the radial tensile stress (a rR ) in the ring. 
Second, as a direct consequence of this, when the failure mode is CRF, the strength 
C 0R is greater than those values, based on the initial disk modulus, and when the 
mode is RRF, the tensile strength cr r g is smaller. 

The revised estimates of design strength values were inferred from the calculated 
stress results that correspond to observed failure modes of tested rotors. In some 
cases, a lower bound estimate was obtained for a particular failure mode that "as not 
the actual mode of failure in the test. The stress results axe summarized in Table 5, 
which embodies most of the available spin tests of hybrid and simple disk rotors 
having 0, 90, 445, -45° laminate ply construction. The stresses listed do not Include 
residual stress. All the hybrid rotors except the second set of tests 80-3 and 80-4 
have two listings of data, the first corresponding to the initial disk elastic modulus 
and the second to die reduced modulus. The most important effects of the reduced disk 
modulus pertain to the outer ring. 

The radial tensile stress a rR is addressed first. Only in Tests No. 80-3 and 4 
<iid the RRF node actually occur. The average calculated stress for these tests at the 
location at which failure was observed to occur is 1.71 ksi for the reduced modulus 
and 2.66 ksi for the initial modulus. Adding to these an estimated .5 ksi due to fab- 
rication-induced residual stress we obtain values of 2.2 and 3.2 ksi for the radial 
tensile strength. The lower value, especially as it Is associated with the reduced 
disk modulus, is assumed to be the indicated o r R strength. In the H8 and H6 tests, in 
which RRF did not occur, the maximum calculated radial st ress corresponding to the 
reduced modulus is 1.46 ksi and the calculated residual stress is .482 ksi (Ref- 16). 
Bence, the total o rR = 1.94 ksi, which compared to the above strength value (2.2 ksi) is 
consistent with a non— radial failure condition. If, on the other hand, the calculated 
values of for Tests No. 80—3 and 80—4 corresponding to the modulus were 

osed as a basis for estimating the o rR strength, t-h«f « would yield an average value of 
2.66 + .5 = 3.1 ksi. But the average calculated a rR (based on the initial disk modu- 
lus and including residual stress) for the H8 and H6 tests is 3.5 ksi, or greater than 
the indicated strength. This would not be consistent with the fact that RRF did not 
occur in these latter two tests. Hence, the four tests taken together support the 
existence of a reduced disk modulus and an estimated o rR strength of about 2.2 ksi. 

In Ref. 16, transverse tensile test data obtained on specimens cut from rings Identical 
to those used in the 80-3 and 4 tests yielded an average strength of 3.23 ksi. A 
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Table 5. Rotor 
from Spin Tests of 


Stresses Analytically Deduced 
Hybrid and Simple Disk Flywheels 


Test No. 


80-3 

80-4 

80-3 

80-4 

80-8 

H-8 

H-6 

80-2 

D1 

D2 

D5 


Type 


Hybrid 


Hybrid 
Simple Disk 


Simple Disk 


B 


.75 

.72 

.75 

.72 

.82 

.80 

.30 


.002 

.002 

.002 

.002 

.002 

.00111 

.00168 


Failure 

Mode 


RRF 

RRF 

NT 

NF 

CRT 

CRT 

CRT 

DF 

NF 

DF 

NF 


3.0 

2.28 

3.0 

2.17 

3.0 

3.0 

3.1 
2.15 
3-3 

2.2 
3.3 
2.2 


J ©R 


134 

144 

149 

163 

171 

180 

156 

179 

200 

239 

222 

239 


rR 


1.9 

1.1 

3.5 

2.4 


.7 

3.4 

1.6 

2.7 

1.3 


D 0 


33 

38 


47 

71 

64 

70 

61 

106 

75 

81 

81 


A. 


'size effect’ factor accounting for the probability of internal flaws was applied 
to the raw data to yield an estimated strength of 1.6 ksi. Hence, the deduced 
strength 2.2 ksi (above) might indicate that the strength of the material in the ring 
state is greater than in the test coupon condition, with the computed 'size effect' 
of Ref. 6, ma intaine d. Such a conclusion was reached in Ref. 15, also for the case 
of longitudinal (circumferential) strength, i-e. , o QR is greater in the ring than 
indicated by specimen tests. 

Next the circumferential stress Cgg is addressed. In the 80—3 and 80—4 tests, 
after the occurrence of RRF, the rotor speeds were subsequently increased until whirl' 
induced vibrations caused the rotor to separate from the drive shaft. During this 
interval of time, the graphite/epoxy ring in each case was divided into two ring 
portions mutually detached along the radial positions at which RRF occurred. In this 
condition interface pressure between the ring portions would not exist. Hence, the 
a-tffV elas tic modulus would not have any effect on the stresses in the outer ring 
portion. The second listing of Oqr for these tests represents the maximum value in 
the outer ring portion at the highest speed attained (not Including the residual 
stress, estimated to be about 4 ksi) . Therefore, the strength must have been 
greater than the listed value plus the residual stress, or greater than 175 (10-3) 
and 184 (80-4) ksi. 
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In Test No. 80-8, the ring failed in CKF. The calculated maximum value of cr eR 
corresponding to the reduced modulus and including a residual stress of 7 ksi is 186 
ksi. The rotor is suspected to have had an interference fit greater than the identi- 
fied value of >002 in. /in. because it required a heavy mechanical force in addition 
to thermal contraction of the disk to assemble the two components. Assembly with an 
,*> i interference fit of .0022 in. /in. can be accomplished solely by thermal action. Ac— 

| counting for this, it is estimated the ring manifested a strength of 190-195 ksi. 

i The circumferential ring strengths exhibited by these hybrid rotors produced in 

a previous program (Refs. 6-8) are substantially greater than the design value of 170 
ksi used for the present rotors (Table 4) . The tests of the present rotors, H8 and 
. H6, also support these indications, except to a considerably greater extent. The ag R 

values corresponding to the reduced disk modulus for these rotors are identical, equal 
to 248 ksi (including a residual stress of 9 ksi determined in Ref. 16). The equality 
of the two values of oq R is in fact remarkable, considering the differences in 5, 
densities of disk and ring materials, and failure speeds. These values were carefully 
determined were used in the calculation of cq R . It is noted that the calculated 
values of <tq R based on the initial disk modulus are not equal, and also that the 
values corresponding to the initial modulus are quite high (e.g., 222 + 9 = 231 ksi 
for rotor H6) . Hence, these unexpectedly high but plausible values of are con- 
’ll sidered to be reasonably well established. 





Another important point that can be made about the pair of tests is that rotor H8 
is known to have possessed extensive resin microcracking prior to the performance of 
the ultimate speed test. This had developed during the 10,000 cycle spin test which 
preceded it. Visual examination of the lateral surfaces as well as ultrasonic C- 
scans of rotors H2 and H8 that were made after completion of the cyclic testing re- 
vealed this fact. Hence, ample evidence exists to support the assertion that a re- 
duced modulus was indeed present in the disk during the subsequent burst test. The 
only question remaining is the exact value of it. However, any reduction in modu- 
lus whatever would result in an indicated a 0R strength greater than 209 ksi. Also, 
the almost identi ca l performance of rotor Ho which had not been tested in any way 
prior to its burst test would suggest that resin microcra cki ng is a short-term ' 
phenomenon in a glass/epoxy laminate of the type represented here (i.e., it develops 
simultaneously with the onset of sufficiently high stresses) . 


The recently performed spin tests of simple laminated disk rotors (HI, H2, and 
D5) listed in Table 5 support the indication of the earlier test (80-2) that the bi- 
axial strength of quasi-isotropic S-glass / epoocy laminates (0, 90, +45, -45 ) is con- 
siderably vrgh^r than indicated by specimen tests (Table 4). The recent tests were 
specifically intended to show whether the hi g h strength exhibited in Test No. 80-2 
could be r ealiz ed - The question was not answered because attempts to reach short-term 
burst were thwarted by separation failure of the rotor (HI and D5) from the <irive 
shaft following the development of a whirl resonance vibration. However, all the 
simple disk rotors exhibited strengths of at least 75-81 ksi at the maximum attained 
speed. This compares to the 60 ksi value used for the recent disk designs. The re- 
sult of the H2 test, however, is very significant. The rotor successfully completed 
the 10,000 cycle test prior to undergoing the ultimate speed test that resulted in 
the burst. The peak center stress during the cyclic test was 30 ksi. Since the cal 
culated center stress at burst was 81 ksi, it is probable that the short-term ulti- 
mate strength is considerably higher than this. In itself the D2 test indicates 
that the 10^ cycle fatigue strength is probably considerably greater than 30 ksi. 
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Revised tentative design data based on Table 4 and^Ref . 16 ate shown in Table 6 
for hybrid rotors of the type discussed herein. The 10 cycle fatigue values for 
Coo gT| d Ojyfl are multiplied by knock-down factors of .68 and .42 used in the recently 
tested rotbr designs. The ultimate value of E D reflects the conclusion stated above 
that the reduction in disk modulus due to resin microcracking is a short-term 
phenomenon. 

Table 6. Revised Tentative Properties of Hybrid Rotor Materials: 

Disk (S-2 Glass /SP250 Epoxy); Ring (T-300 Graphite/Epon 826 
Epoxy); Poisson’s Ratio “ .3 



Disk 

Ring 

Item 

v . 

msi 

V 

ksi 

P D’ 3 
lb/in. 

E< 5R’ 

msi* 

E rR’ 

msi* 

CT 0R’ 

ksi 

a rR’ 

ksi 

V 3 
lb/in. J 

Ultimate 

2.2 

>81 

.067 

18.8 

1.4 

248 

2.2 

.0535 

10 5 Cycles 

2.55 

>34 j 

.067 j 

18.8 

1.4 

168 

1.2 

.0535 


*1 msi ■ 1 , 000,000 lb/in. 

A N lamer plot of designs based on the properties of Table 6 and an inter- 
ference fit of .00168 in. /in. is shown in Figure 3. The solid and dashed lines 
Indicate the governing failure envelopes for ultimate and maxi m u m ( 10 ^ cyclic life) 
operational speeds respectively. An optimum ultimate energy density of 30.3 Wh/lb 
( 66.8 Wh/kg) occurs at 8 = .78. Designs with higher 8 values are governed by CRF 
and lower 8 values by RRF. The operational speed failure envelope is governed by 
DF on «•>». left and RRF on the right and represents two different values of disk 
strength (10 s cyclic life) of 34 ksi (lower) and 42 ksi (upper) . These values cor- 
respond to ultimate strengths of 81 ksi, discussed previously, and 100 ksi, a capa- 
bility demonstrated in Test No. 80-2 (Table 5). The optimum operational energy 
densities for these values of o D are respectively 17.5 Wh/lb (45.2 Wh/kg) at 6 * -78. 
The des i g n of rotor H 6 is positioned on the plot at B ** * 8 - 

In addition to demonstrating high overall performance, the tests of rotors H 8 
and H 6 yielded important data about the ultimate and cyclic energy storage capability 
of the graphite/epoxy ring component. These are summarized in Table 7, in which W R 
and I- are the weight and polar moment of inertia of the ring. The outer ring of 
rotor H 8 , which had been cycled 10,000 times between maximum and minimum energy 
density levels of 38.5 and 9.6 Wh/kg, later attained an ultimate energy density of 
116 Wh/kg. Similarly, the previously untested ring of rotor H 6 “J**" of 

mate value of 114 Wh/kg. Such high performance levels demonstrate the potential of 
flywheels that are constructed of s imi la r filament-wound rings. 
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Table 7 . Energy Storage Performance of the Ring 
Component of Rotors H8 and H6 as Obtained from Spin Tests 


Rotor No. 

Parameter | 

V 

lb 

lR ’ 2 
lb-in. -sec 

Ultimate 

10 5 Cycles 

E, 

Wh 

V 

Wh/kg 

E, 

Wh 

V 

Wh/kg 

H8 

6.79 

.922 

358 

116 

119 

38.5 

H6 

6.73 

.913 

348 

114 

- 

- 


TOWARD HIGH PERFORMANCE SPACE FLYWHEELS 

It is desirable to employ designs that utilize radially thicker rings of such 
materials in order to obtain still higher energy density and an internal diameter 
that is more suitable for interfacing with other system components- Unfortunately, 
such designs are precluded due to the low radial tensile strength of present fila- 
ment— wound materials. This characteristic is apparent in Figure 3 wherein the RKF 
mode governs designs having 8 <-77, or thickness t >-23 b, where b is the ring out- 
side radius. Beyond this limit thicker ring designs are accompanied by steadily 
lower energy densities- Measures to remedy this limitation exist, however, at xeast 
theoretically. Two approaches have been discussed, namely, the multi— ring desi g n 
(Refs. 17-18) and the flexible-matrix design (Refs. 19-20). 

The multi-r^g approach employs concentric rings that are assembled with suit- 
able interference fits. The radial pressures thereby produced at the interfaces 
between rings set up initial radial compression stresses in the ring components. 
Under rotational conditions, these pre-stresses act to decrease the radial tensile 
stresses. Benefi cial effects on the circumferential stresses can also be obtained 
by this method. 

The other approach utilizes a flexible instead of rigid matrix in the ring 
material. Such construction results in a greatly reduced radial modulus of elasti- 
city without affecting the circumferential modulus. Analysis shows that by proper 
construction, such a material can provide a radial strain capacity high enough to 
avoid radial failure even in very thick rings. 

Another contribution to high performance rotor design is the ut i lization of 
new hig h strength (graphite, aramid) fibers tnat are now available. The graphite 
fibers have at least 50 percent greater strength than the type used in the present 
GE hybrid flywheels. This promises to yield a similar increase in energy density. 


Up to the present time, two GE hybrid rotors incorporating flexible-matrix 
graphite fiber rings (3 - .3) have been fabricated. To the author’s knowledge, 
no multi-ring rotors specifically utilizing graphite /epoxy rings have been produced. 
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Preliminary studies at General Electric have Identified two generic flywheel 
that incorporate a thick, flexible-matrix ring, namely the concentric and 
tandem arrangements. They differ In the manner In which the motor /generator is 
mounted to the flywheel 

In the concentric arrangement the motor/generator is mounted and supported with- 
in the bore of the rotor ring, as shown In Figure 4. The advantages of this design 
are overall compactness and efficient placement of high energy density material within 
the assigned envelope* This is due to the absence of a central huh component* Dis- 
advantages Include limited design flexibility to incorporate other flywheel components 
«rH greater expected difficulty of cooling the rotating parts of the mo tor /generator. 

Preliminary design estimates of rotors based on the concentric type (6 “ *5) 
are listed in Table 8 for useful energy storage capacities of 2.5 and 5 kWh (75 per- 
cent depth of discharge (DOD). The estimates are based on the high strain graphite 
fiber. The useful energy density is 79 Wh/kg and the energy densities at 100 percent 
operational and ultimate speeds are 105 and 155 Wh/kg respectively. These values are 
based on the rotor weight alone. 


Table 8. Design Concept Estimates for 
Space Station Size Flywheels (Concentric Type) 



The arrangement utilizes a relatively small diameter hub that Is supported 

hr * of a shrink fit within the rotor bore, as shown in Figure 5. Cal cul ations 

that it is feasible to employ a low weight metallic hub, a feature that greatly 
^Qqating of other components to the flyiAeel rotor. The tandem arrange- 
ment offers very significant advantages over the concentric type, namely enhanced 
d*e4g n flexibility because it decouples the radial growth characteristics of the ^ 
rotor bore and the motor/genera tor and does not restrict the selection of the latter s 
length/diameter ratio. In addition, cooling of the rotating po rtion o f the motor/ 
generator «s facil itated due to its direct exposure to cooling sources. It also 
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permits greater bearing spans. The energy density that Is estimated for the tandem 
design Is somewhat less than that of the concentric type because of the presence of 
the hub. Performance estimates are listed In Table 9 for 6 ratios of .2 and .4. 

The respective useful energy densities being 76 and 70 Wh/kg. 



Table 9. Calculated Energy Densities of Tandem Type 
Thick tting Flywheel Rotors Constructed of 
High-Strain Graphite /Flexible Matrix Material 



CONTAINMENT DESIGN APPROACH 

Such rotor performance levels indicate the growth potential offered by 

flywheels for space power applications. Recent experience has begun to show* how- 
ever* that the weight penalties to provide for safe containment of a high energy 
rotor burst are likely to be prohibitive. It is important* therefore, to seek an 
early resolution to the issue of containment. Fortunately design and spin test 
experience* especially with ring/disk hybrid rotors, suggests that successful 
resolution of the issue may be obtained through proper rotor design* 

The approach to this is to design rotors whose failure is accompanied by either 
zero or minor release of fragmentation. Such failure characteristics are theoreti- 
cally obtainable in composite rotors by designing to a RRF mode or employing a flexi- 
ble matrix in the ring construction. In the RRF mode* which is obtained with 
relatively thick* rigid-catrix rings* a circumferential crack is generated in the 
matrix between fibers. This does not significantly affect the circumferential 
strength of the ring but does disturb the rotor balance. The occurrence of RRF 
therefore produces a signal for initiating a safe shutdown of the rotor. There are 
at least two well documented instances in which RRF occurred in hybrid rotors (Tests 
Ho. 80-3 -4 discussed previously) . In each case the rotors were spun to con- 

siderably higher speeds after the occurrence of RRF. Subsequently they exhibited 
f u r th er ru gg edness when they spun down to rest against the test chamber following 
separation from their drive shafts. Hence* there is good support for considering 
the RRF mooc* a practical basis for non— burst rotor design. 

F lexib le matrix rotor design has a potential for minor containment requirements 
because failure (CRT) should initiate very near the outside periphery of the rotor. 

In such an event* breaks in fibers would occur there* resulting In a disturbance of 
the rotor balance. This would provide a signal to shut down the unit. In the process 
it is quite possible that some minor fragmentation would be released from the outer 
surface of the rotor* thus necessitating use of a light-weight shield under certain 
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circ ums tances. The failure process, however, is considered to be self -arresting 
since the region radially inboard of the failure zone is at a lower stress level. 
This situation contrasts with the circumferential failure process involved in a 
rigid-matrix rotor ring. There, CRF occurs at the inside radius of the ring and 
material in the failed zone exerts its full centrifugal load on outer portions of 
the ring. Once this happens, the process can progress until the entire ring fails 
circumferentially. No test experience exists, however, for rotors utilizing flexib 
matrix rings. 

Extensive testing is required to establish the practicality of high performanc 
flywheel rotors whose failure is governed by zero or minor fragment-release modes. 
The technical grounds for expecting success are quite sound and the benefits of 
minimizing or eliminating the containment requirement manyfold. If this can be 
achieved, a combined useful energy density of about 40 Wh/kg at 75 percent DOD (in- 
cluding motor-generator, bearings, and electronics) could result for the advanced 
space flywheel power system. 


CONCLUSIONS 


1. Of the two General Electric composite hybrid rotors that have been tested to 
ultimate speed, burst energy densities (and stored energies) of 67 Wh/kg (648 
V7h) and 68 Uh/kg (656 Wh) have been obtained. Based on this, the 10 5 cycle 
operational energy density at 100 percent DOB is projected to be 40 Wh/kg. 

2. One of the above flywheels (656 Wh, H8) completed 10,000 spin cycles, each in- 
volving a 6.5 minute duration and maximum and minimum stored energies of 217 an 
54 Wh (75 percent DOD), prior to the ultimate speed test. 

3. The pair of ultimate speed tests indicated no degradation in ultimate perf orman . 
due to the 10* cycles. 

4. The graphite/epoxy rings of the two rotors demonstrated ultimate energy densiti 
of 114 and 116 Wh/kg. One of these (see conclusion no. 2) successfully comp let 
10,000 spin cycles at a madman energy density of 38 Wh/kg (100 percent DOD) 
prior to the ultimate speed test. These data show the high potential of filaxne^ 
wound graphite/epoxy ring components for use in flywheel space power systems. 

5. Analysis of the high ultimate energy performance of hybrid rotors H6 and H8 ha 
led to the conclusion that the circumferential strength of the T-300 graphite/ 
Epon 826 epoxy composite rings used in the rotors is much greater than suggestc 
by standard materials tests. 

i 

6. The low radial (transverse) tensile strength of filament-wound graphite/epoxy 
material limits the radial thickness to about 20 percent of the outside dinmete 
This can be extended somewhat by employing a radial compression pre-stress, as' 
from a radial interference fit. 

7 Large radial thicknesses are possible, however, when a flexible matrix is sub- 1 
stituted for the standard rigid epoxy matrix of the ring. With this technique 
high energy densities are theoretically Indicated. 
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8 . Large, possibly prohibitive, penalties are associated with a requirement to 
contain a high energy composite rotor burst. A better approach is to design a 
rotor which is either fail-safe (no fragments released at failure) or releases 
a minor amount of fragmentation. Such failure characteristics are identified 
with particular rotor designs. 

9. Utilizing a fail-safe rotor design and available 700 ksi graphite fibers in the 
l. ring component, advanced flywheels exhibiting operational energy densities as 

high as 105 Wh/kg (rotor alone and at 100 percent DOD) are indicated by design 
calculat Ions . 

i 
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NOMENCLATURE 


a,b 

B 

CRT 

DOD 

DF 

E 

E c 

■to 

■to 

E r* 

■v 

■to 

e 0R 

h 



inside and outside radius of ring; a/b * 6 

bearing failure 

circumferential ring failure 

depth of discharge 

disk failure 

energy 

cost energy minus density 

modulus of elasticity of disk material 

modulus of elasticity of ring material 

modulus of elasticity of ring material in radial direction 
volume energy minus density 
veight energy minus density 

modulus of elasticity of ring material in tangential direction 
height 

polar moment of inertia 

inertia 

shape factor 

interface pressure 

radial (transverse) ring failure 

ring /disk separation 

rotor peripheral speed 

maximum allowable speed 

veight 

veight of ring 

ratio of inner to outer disk radius 

radial interference 

unit radial interference; 5 * 6/b 

Poisson’s ratio for disk material 

Poisson’s ratio for ring material 

mass density 

density of disk material 

density of ring material 

ultimate (operational) strength 

bearing strength 

strength of disk material 
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a jyQ stress at center of disk 

a r R strength of ring material in radial direction 

strength of ring material in tangential direction 










HUB REGION 


Figure 5.- Annular flywheel concept, tandem type, suitable 
for side mounting of rotor components. 




